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Abstract 
With reference to a steel beam located at the ceiling of a small room irradiated by a burner located on the floor, that is the fire 
source, the Adiabatic Surface Temperature (AST) has been evaluated. Surface temperatures of the beam and the heat fluxes 
released to it (conjugate case) are then compared to those in a single beam with the AST as boundary condition (standalone case). 
Results show that, by assuming AST as the exchange parameter between fire and structural models, differences between 
conjugate and standalone case are strongly dependent on the convection coefficient assumed in the latter one. 
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Nomenclature 
cp specific heat, J kg-1 K-1 n normal to the surface 
totqe   total heat flux relative error, eq.(18) p  pressure, Pa 
bTe  surface temperature relative error, eq.(19) Pr  Prandtl number 
Fi – w configuration factor  heat flux, W m-2 
g acceleration due to the gravity, m s-2 s direction of the irradiation 
h coefficient of convection, W m-2 K-1 T temperature, K 
I irradiation, W m-2 u, v, w velocity components, m s-1 
k thermal conductivity, W m-1 K-1     x, y, z  Cartesian coordinates, m 
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Greek symbols f   fluid 
E volumetric expansion coefficient, K-1         in    incident 
H emissivity out   outgoing 
P viscosity, Pa s p   plasterboard 
U density, kg m-3 rad   radiative 
V Stephan-Boltzmann constant, W m-2 K4 req   refers to temperature in eq.(3) 
ȍ solid angle, sr s   solid (beam/plasterboard) 
Subscripts stan   standalone 
AST adiabatic surface temperature  t turbulent 
b beam tot total (radiative + convective) 
con convective  w wall 
conj conjugate  0 ambient 
1. Introduction 
Fire Safety Engineering (FSE) is widely developed in last decades due to the building of large and complex 
structures. Computational Fluid Dynamics (CFD) codes and structural ones, based on Finite Element Methods 
(FEM), are employed to foresee the fire evolution and its effects on structures. Following the World Trade Center 
disaster, a number of authoritative organizations, such as Federal Emergency Management Authority (FEMA) [1] 
and Institution of Structural Engineer (ISE) [2], have identified joint integrity as a key to maintain structural integrity 
in fire and have called for extensive research on joints under fire conditions [3 - 6]. 
Conjugate CFD and structural analyses would be the best way to analyze the thermo-structural problem, since the 
fire evolution and the structural response are interconnected. However, the large computational resources required 
because of the different time and space scales necessary for the discretization of thermofluid-dynamic and structural 
problems make, nowadays, this approach impracticable. 
Alternatively to the conjugate approach, thermofluid-dynamic and structural problems could be solved separately, 
by using appropriate boundary conditions to couple the two models. We can distinguish two main methodologies: 
"one way" in which only the data collected by a CFD code are transferred to the structural code, and "two-way" 
where even the data produced by an FEM code are returned to the fire model. The latter method is more accurate but 
requires more computational time. Within this approach, Noordijk et al. [7] have developed a complete interface 
between the VESTA ™ CFD code and the Diana ™ FEM code, but this approach requires large computational time 
due to the double transfer of data. 
The "one-way" approach, which allows to reduce the computational time, could be used preferably when the 
dimensions of the structural elements and their displacement due to structure deformations are negligible compared 
to the size of the compartment. In this case it is possible to assume that the deformations of the elements due to 
thermal loads do not affect appreciably the evolution of the hot gases. 
The exchange of information between the CFD and FEM codes is one of the open problems in FSE. It greatly 
influences both the accuracy of the solutions and the computational time. The European Community has funded a 
study on the different methods of coupling the two codes and on the data exchange format, called FIRESTRUCT [8]. 
Within this project, four different pairs of software CFD-FEM coupling have been compared ((JASMINE/SAFIR, 
VESTA/DIANA, FDS/ANSYS and JASMINE/STELA) with six different types of data exchange, providing 
indications for their use. 
Franssen [9] performed a study on the "one-way" methodology, that compared data obtained through CFD-FEM 
analysis by using two types of algorithms for exchange parameters: the former proposed by Watson and Philip [10], 
called "natural neighbors" and the second, proposed by themselves, based on trilinear interpolation of thermal 
parameters in the nodal points where the fluid dynamics and structural discretizations overlap. Prasad and Baum [3] 
simulated, in a "one-way" mode, the response of a complex structure subjected to a fire, using the heat flux as 
parameter exchange between the CFD (Fire Dynamic Simulator) and the FEM codes. Ren et al. [11] developed a 
dynamic transfer to share data between FDS and ANSYS codes. Wickström et al. [12] defined the Adiabatic Surface 
Temperature (AST) as the exchange parameter between the CFD and FEM codes, for a two-dimensional problem by 
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using a one way approach. AST takes into account both convective and radiative heat fluxes, thus reducing the 
number of parameters to be used in coupling thermofluid-dynamic and structural models. Wickström et al. [13] and 
Bystrom et al. [14] made use of AST in the design of structures for fire exposure and in experiments of fire in a full 
scale compartment. Andreozzi et al. [15] investigated the use of the Adiabatic Surface Temperature (AST) in a two-
dimensional problem, by using a one way approach. A comparison between the one-way model and the conjugate 
one pointed out errors in structure temperatures less than 2%. 
In the present paper, the analysis presented in [15] has been extended to a three-dimensional case. A steel beam 
is located in a confined room where a fire scenario is simulated by assuming the presence of a burner at an assigned 
temperature located on the room floor in front of the beam, placed at the room ceiling. Beam surface temperatures 
are evaluated both in the “conjugate” case, by modelling the convective-radiative heat transfer in the room and the 
conductive heat transfer in the beam and in a “standalone” case, by modeling only heat conduction in the beam, 
imposing a third type boundary condition at beam boundaries. The AST, evaluated in the conjugate analysis, is 
assumed as the external temperature. Different convection coefficients are assumed on the beam walls. 
Results are presented in terms of convection coefficients and temperature profiles at the beam walls both for the 
“conjugate” and “standalone” analyses. Relative errors between predictions obtained by means of the conjugate case 
and the standalone beam case are provided. The comparison between results obtained by means of the two proposed 
analyses shows that using AST as the transfer thermal parameter between CFD and FEM models leads to errors of 
the order of 2 % when convection coefficients evaluated in the conjugate case were used, while errors up to 75% 
were found when different convection coefficients were assumed.  
 
2. The adiabatic surface temperature 
In fire scenarios the total heat flux to the wall, totq , is 
tot rad conq = q + q                                                                                                                                                               (1) 
 
where radq  is the net radiative heat flux to the wall and conq  is the convective heat flux between the fluid and the 
wall. 
The net radiative heat flux, radq , can be expressed as 
 
 4 4rad w req wq = İ ı T -T                                                                                                                                                       (2) 
 
with İw the emissivity of the wall, which is assumed to be a gray body, Tw the temperature of the wall surface and 
 
4 4
req i i w ii
T  F  TH  ¦                                                                                                                                                      (3) 
 
that is the temperature of a uniform temperature black body with a unitary configuration factor to the wall. 
The convective heat flux, , can be expressed as 
 
 con f wq = h T -T                                                                                                                                                             (4) 
 
with h  the coefficient of convection and fT  the temperature of the fluid. 
 
Therefore, the total net heat flux to the exposed wall can be expressed as: 
 
   4 4tot w req w f wq = İ  ı T - T  + h T -T                                                                                                                                 (5) 
conq
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The adiabatic surface temperature, TAST, was defined by Wickström et al. [12] as the temperature assumed by a 
perfect insulator exposed to the same heating conditions as the real wall. The total net heat flux to this ideal surface 
is by definition zero and equation (5) becomes 
 
   4 4w req AST f ASTİ  ı T - T  + h T - T  = 0                                                                                                                             (6) 
 
Equation (6) shows that the adiabatic surface temperature can assume values in the Treq ÷ Tf  range. Wickström et 
al. [12] proposed to use TAST as the transfer parameter from fire models to structural models. Thus, the TAST predicted 
by a fire model or measured by a thin plate thermometer can be introduced in a structural model to take into account 
both radiative and convective heat fluxes to the exposed wall in the prediction of the thermal field inside solids 
 
   4 4tot w AST w AST wq = İ  ı T  - T  + h T  - T                                                                                                                           (7) 
3. Mathematical description and numerical models 
Reference is made to the small parallelepipedic enclosure, 2.48 m × 1.00 m × 2.00 m high, sketched in figure 1. 
The walls are made up of plasterboard, 0.020 m thick. Two couples of vents, 2.48 m long and 0.60 m high, are 
located at the top and the bottom of the 2.48 m long and 2.50 m high vertical walls. A steel IPE beam, equidistant 
from the above said lateral walls, is attached to the ceiling. Its dimensions are reported in figure 2 and table 1. Upon 
the floor, directly in front of the beam, the fire source is located, a burner 0.80 m × 0.80 m × 0.080 m high. The 
thermophysical properties of plasterboard, steel and air are reported in table 2. 
3.1. Conjugate case 
The three-dimensional computational domain is sketched in figure 3. 
The following assumptions have been made: 
- surfaces are gray; 
- thermo-physical properties of the solids are constant with respect to the temperature; 
 
 
Table 1. Dimensions of the IPE beam. Table 2. Thermophysical properties of materials.

h 
(mm) 
b 
(mm) 
a 
(mm) 
e 
(mm) 
r 
(mm) 
d 
(mm) 
500 360 20 50 1 2,480 
 

Material ȡ 
(kg m-3) 
cp 
(J kg-1 K-1) 
k 
(W m-1 K-1) 
ȝ 
(Pa s) 
ȕ 
(K-1) 
Air 1.225 1,006 2.42×10-2 1.789×10-5 3.33×10-3 
Steel 8,030 502.5 16.3 - - 
Plasterboard 737 1,423 0.12 - - 
 
 
 
 
 
 
 
 


Fig.1. Sketch of the enclosure. Fig.2. Sketch of the IPE beam. 
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- except for the air density, for which the ideal gas 
model is assumed, thermo-physical properties of the 
fluid are assumed to be independent of the 
temperature since radiation heat transfer between the 
burner and the beam is predominant and, then, no 
large fluid temperature increase is expected; 
- properties, except the density, are evaluated at a 300 
K temperature.
 
 
  Fig.3. The computational domain for the conjugate case. 
3.1.1. Equations governing the fluid domain 
The governing equations, for the fluid region in steady state regime, are time-averaged mass, Navier-Stokes and 
energy equations combined with k-İ realizable turbulence model [16]. For the sake of simplicity, notations used in 
this study neglect the superscript bar usually employed to denote time-averaged dependent variables. 
The modeled transport equations are: 
 
     
0
u v w
x y z
U U Uw w w
   
w w w
                                                                                                                                    (8) 
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with Pt the turbulent viscosity, Pa s; ık the turbulent Prandtl number for k; ıİ the turbulent Prandtl number for İ; Gb 
the generation of turbulence kinetic energy due to buoyancy, kg m-1 s-3; Gk the generation of turbulence kinetic 
energy due to the mean velocity gradients, kg m-1 s-3; YM the contribution of the fluctuating dilatation in 
compressible turbulence to the overall dissipation rate. 
The turbulent dynamic viscosity, Pt, is to be predicted from the knowledge of the turbulent kinetic energy, k, and 
the turbulent kinetic energy dissipation rate, H. The transport equations for k and H are formulated using the 
realizable k-H model. They can be derived from Navier-Stokes equations, but the constants in equation (13) are 
derived using realizable theory, as suggested in [16]. The constants in the model are C1İ = 1.44, C2 = 1.9, ık = 1.0, ıİ 
= 1.2, C3İ =1, C1 = max [0.43, Ș/(Ș + 5)] with Ș = S(k/İ), where S is a function of the shear stress tensor [16], for 
buoyant shear layers for which the main flow direction is aligned with the direction of gravity. For buoyant shear 
layers that are perpendicular to the gravitational vector, C3İ = 0. 
3.1.2. Equations governing the solid domains 
A three-dimensional conduction model in the beam and the plasterboard is employed with constant conductivity 
values. The equation in the steady state regime with constant thermo physical properties is 
 
2 2 2
2 2 2 0
s s sT T T    
x y z
w w w   
w w w
                                                                                                                                           (15) 
 
The radiative heat flux leaving a wall is evaluated as the sum of the reflected fraction of the incident heat flux, 
inq , and the emitted heat flux 
 
4
out s in s sq = (1- İ ) q + İ  ı T                                                                                                                                          (16) 
 
where 
 
in ins n>0
q = I  s n dȍ

³                                                                                                                                                (17) 
 
with Iin the irradiation, W m-2; s the direction of the irradiation; n the normal to the surface; ȍ the solid angle, sr. 
3.1.3. Boundary conditions 
The temperature of the burner is 700 K. The vents are assumed to be black bodies at 300 K, the convective 
coefficient, h0, and the temperature, T0, outside the ceiling are assumed to be 4.0 W K-1 m-2 and 300 K, respectively. 
The boundary conditions for the fluid and solid domains are reported in table 3, with reference to figure 3. 
3.2. Standalone case 
The three-dimensional computational domain is made up by the steel beam and the above part of the 
plasterboard ceiling. Its section in an xy plane is sketched in figure 4. 
Gray surfaces and thermo-physical properties of the solids independent of the temperature have been assumed. 
 
Table 3. Boundary conditions for the solid and fluid domains. 
 
Surface Boundary condition 
 u v w Temperature 
Outside ceiling 0 0 0  00pp pTk h T T    y
w
  
w
Vents    300 K
Vertical walls 0 0 0 300 K
Outside floor 0 0 0 300 K 
0u    
x
w  
w
0v   
x
w  
w
0w   
x
w  
w
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Table 4. Boundary conditions for the solid domains. 
 
Surface Boundary condition 
Outside beam 
surface    
b 4 4
b b b AST b AST
Tk İ  ı T  - T  + h T  - T    
n
w
  
w
AB and CD 
plasterboard 
surfaces
   p 4 4p p p AST p ASTTk İ  ı T  - T  + h T  - T    x
w
 
w
B
BC plasterboard 
surface    
p 4 4
p p p 0 p 0
T
k İ  ı T  - T  + h T  - T    
y
w
  
w  
Fig.4 - The computational domain for the standalone case.  
A three-dimensional conduction model in the beam and the plasterboard is employed with constant thermal 
conductivity values. The equation in the steady state regime with constant thermophysical properties is the above 
written equation (15). 
Boundary conditions for the above mentioned solid domains are reported in table 4, with reference to figure 4. 
3.3. Numerical analysis 
The commercial Fluent CFD code was employed to solve the governing equations [16]. The SIMPLE scheme 
was chosen to couple pressure and velocity. The Discrete Transfer Radiation Model (DTRM), that assumes all 
surfaces to be diffuse, is chosen. The following convergence criteria were assumed: 10-3 for the residuals of the 
velocity components and 10-8 for the residuals of the energy. An analysis of sensitivity was conducted in terms of 
temperature profiles; a 120 ° polar angle and a 48 ° azimuthal angle were chosen for the radiation model as well as a 
0.020 m square grid was chosen for the thermo-fluid-dynamic model. 
4. Results 
In the following the distribution of temperatures, convective coefficients and total heat fluxes released to the 
beam along significant beam boundaries, predicted for both the conjugate and the standalone cases, are presented. 
As to the standalone case, reference was made to three different convective coefficients: the first, hconj, is the local 
convective coefficient predicted in the conjugate case; the other, h25 = 25 W m-2 K-1 is the average value 
recommended by the Eurocode [17]; the third, h35 = 35 W m-2 K-1, is a higher value, accounting for the worst 
predictable conditions. The emissivities of the beam and plasterboard surfaces are assumed to be 0.80 and 0.40, 
respectively.
The distribution of the temperature of the fluid, the surface temperature of the beam, the adiabatic surface 
temperature and the temperature defined in equation (3) as well as the distribution of the convective heat transfer 
coefficient predicted in this paper for the conjugate case, h25 = 25 W m-2 K-1, h35 = 35 W m-2 K-1, both along the 
bottom horizontal face (A) of the beam, for the conjugate case and for z = 1,240 mm are reported in figures 5 and 6, 
respectively. 
Figure 5 shows that the adiabatic surface temperature assumes values in the Treq ÷ Tf  range. We can notice that 
the surface temperature of the beam is higher than the temperature of the fluid, which, close to the wall, is fairly 
higher than the temperature of the fluid before the fire ignition. One can, therefore, conclude that in the investigated 
case the increase in the inner temperature of the beam is due only to the contribution of the radiative heat flux, since 
convective heat flux from the beam to the fluid balances a fraction of the net radiative heat flux entering the beam. 
Figure 6 exhibits a nearly uniform 16 W m-2 K-1 value of the coefficient of convection along the bottom face of 
the beam in the conjugate case, lower than the 25 W m-2 K-1 recommended by the Eurocode and commonly used in 
the thermo-structural analyses. 
The distribution of the total heat fluxes released to the beam predicted in this paper, both for the conjugate case 
and the standalone cases and for z = 1.24 m, along the bottom horizontal face (A) and the vertical face (B) of the 
beam is presented in figures 7a and 7b, respectively. 
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Figure 7 shows that the total heat flux released to the bottom surface of the beam (A), directly facing the burner, 
is larger than that released to its lateral surface (B), as it was to be expected. Positive values of the total heat flux 
through the face A denote that the radiative contribution to the heat flux is wherever larger than that of the 
convective heat flux. On the contrary, negative values of the total heat flux are detected along almost the entire face 
B of the beam, that is no wonder since the configuration factor between the vertical side of the beam and the burner 
is null and, therefore, convective heat transfer is mostly involved and the net heat flux exits the beam. The 
comparison of predictions for the conjugate case with those for the standalone cases exhibits a good agreement only 
when the hconj coefficient of convection is employed. In the standalone cases the values of the total heat flux 
predicted using h25 and h35 are larger than those predicted using hconj because both convection and radiation 
significantly contribute to heat transfer, with the common external temperature, that is assumed to be the adiabatic 
surface temperature. 
The distribution of the surface temperature of the beam predicted in this paper, both for the conjugate case and 
the standalone cases and for z = 1.24 m, along the bottom horizontal face (A) and the vertical face (B) of the beam is 
reported in figures 8a and 8b, respectively. The figure exhibits temperatures of the bottom face of the beam, directly 
facing the burner, higher than those attained on the lateral face. The comparison between surface temperatures 
predicted in the conjugate and standalone cases confirms that the agreement is better when in the standalone case 
hconj is employed. When use is made of h25 and h35, the larger the convection coefficient the larger the difference 
between the predicted values. It is also worth noticing that predictions for the standalone cases overestimate the 
surface  temperatures of face A  whereas they  underestimate  surface temperatures of face B, similarly  to what  was 
  
Fig. 7. Total heat flux along two faces of the beam: a) Face A; b) Face B. 
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Fig. 5. Temperatures along the face A of the beam. Fig. 6. Convective coefficients along the face A of the beam. 
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Fig. 8. Temperatures along two faces of the beam: a) Face A; b) Face B. 
 
pointed out for the total heat flux. The percent relative errors in the surface temperature of the beam, 
bT
e , and in the 
total heat flux released to the beam, totqe , predicted for the standalone cases with respect to their values predicted for 
the conjugate case, are defined as 
 
 
(18) 
 
The distribution of the above errors along the bottom horizontal face (A) and the vertical face (B) of the beam, 
for z = 1.24 m, is reported in figure 9. The figure allows to compare on a quantitative basis both the total heat flux 
and surface temperature of the beam predicted in the conjugate case with those predicted in the standalone case. 
With reference to the face A, figure 9a points out a minimum relative error in the surface temperature A, equal to 
nearly 1%, when hconj is employed and a maximum relative error, about 6%, when h35 is employed. About 2% and 
5% errors in the same temperatures on face B of the beam are exhibited in figure 9b. As far as errors in the total heat 
flux are concerned, their minimum value on the bottom face A is nearly 2%, with hconj, and the maximum value is 
about 50% with h35. The correspondent errors on the face B are nearly 7% and 75% (also 125%, somewhere) with 
hconj and h35, respectively. 
5. Conclusions 
Adiabatic Surface Temperature (AST) was evaluated in a steel beam located at the ceiling of a room where a fire 
occurred. A burner was assumed to be located on the room floor in front of the beam. A conjugate and a one way, or 
“standalone”, approach were compared in order to investigate the use of AST as the exchange parameter between 
thermal fluid-dynamics and structural codes. Relative errors between predictions obtained by means of the conjugate 
case and the standalone beam case were provided. Results showed that standalone approach well predicts surface 
temperatures and total heat fluxes, provided the convection coefficients evaluated in the conjugate case were 
employed. Differences between values predicted with the conjugate case and the standalone case were larger when 
higher values of the convection coefficient are used. The above differences in the surface temperatures are within 
6% whereas those in the total heat flux are up to 75%, with a maximum about 125%. 
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Fig. 9. Relative errors along two faces of the beam: a) surface temperature along Face A; 
b) surface temperature along Face B; c) total heat flux along Face A; d) total heat flux along Face B. 
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